The xylanase B gene encoding a thermostable family 10 xylanase of Clostridium stercorarium was expressed in plants under the control of a constitutive promoter. Two forms of the xylanase B gene, the xynB gene encoding the full length of the xylanase B gene including the bacterial signal sequence and the xynBM gene without the signal sequence region, were introduced into tobacco BY-2 cells and tobacco plants respectively under the control of the cauliflower mosaic virus 35S promoter. Transgenic BY-2 cells and tobacco plants showed xylanase activity and normal growth. The recombinant enzyme produced in transgenic BY-2 cells harboring the xynB gene was secreted into the culture supernatant, and the recombinant enzyme produced in transgenic BY-2 cells harboring the xynBM gene was localized in the cells. In contrast to tobacco plants, expression of the xynB gene under the control of the rice actin promoter in rice plants was toxic to host cells. However, the recombinant XynBM accumulated in leaf cells, and no phenotypic effect of expression of the xynBM gene was observed. Enzyme activity was maintained in cell-free extracts of transgenic rice leaves at 60 C for 72 h, and the recombinant XynBM degraded hemicellulosic polymers in cell-free extracts of transgenic rice leaves.
Key words: Clostridium stercorarium; rice; tobacco; transgenic; xylanase A great amount of crop biomass is produced stably every year in the world, and much lignocellulosic polymer is contained in crop cell walls. Although a portion of crop cell walls is used as feed for ruminants such as cattle, much is regarded as waste. Because of global warming due to the burning of fossil fuels, lignocellulosic biomass is now regarded as renewable and inexpensive biomass. 1) Conversion of lignocellulosic biomass to fermentable sugars for the production of alcohol fuels is receiving much attention, since this energy source would have no net effect on carbon dioxide emission. Therefore, biomass conversion is now economically and environmentally important. Although lignocellulosic substrates are hydrolyzed by acid treatment to yield sugars for fermentation in a current industrial process, enzymatic hydrolysis of lignocellulose is accepted as an environment-friendly strategy. However, the cost of production of lignocellulolytic enzymes from microorganisms is one of the problems with this strategy, and so a reduction in the cost of production of these enzymes is required for efficient degradation and large-scale bioconversion from lignocellulosic biomass to energy sources.
2) For low-cost enzyme production, we considered one attractive approach to be to breed plants that artificially express bacterial lignocellulolytic enzyme genes, since plants are cost-effective hosts for heterologous production of industrially useful enzymes.
3) Some trials to express lignocellulolytic enzymes transgenically in plants have been carried out. [4] [5] [6] [7] [8] [9] [10] Although microbial lignocellulolytic genes have been successfully expressed in model plants, only a few studies succeeded in the expression of lignocellulolytic enzymes in important crop plants. [11] [12] [13] Rice is a major crop in Asia. It is planted over a large area annually and produces a large amount of biomass. Rice straw is a non-crop tissue, and a small amount is fed to cows. However, crop wastes such as rice straw are now regarded as desirable biomass for conversion to biofuels, since they are not used as foods. Xylan is the second most abundant hemicellulosic polysaccharide. It occurs as a backbone of 1,4-linked -D-xylose residues, and it is the major cell wall component of important monocot crops such as rice and corn. 14) Therefore, enzymatic degradation of cell wall xylan should enhance the bioconversion of cell wall sugar polymers to fermentable sugars. Xylanases, which hydrolyze -1,4-linked xylopyranosyl chains, are classified into two substantial groups, family 10 and family 11 of glycosylhydrolases, based on their structures. They are used in agriculture and industry, for example, supplementing feed for monogastric animals and ruminants to assist in digesting the complex polysaccharides of plant cell walls and in biobleaching paper. 15) The final goal of our research is the molecular breeding of transgenic crops that produce high levels of cell wall degrading enzymes without harmful effects on the growth of the host plants. We have succeeded in producing xylanase A, which belongs to family 11 glycosylhydrolases, in rice plants. 16) Here we describe the expression of the gene encoding xylanase B (xynB), which belongs to family 10 glycosylhydrolases, from Clostridium stercorarium in tobacco BY-2 cells, tobacco plants, and rice plants.
Materials and Methods
Construction of binary vectors for tobacco BY-2 cell and tobacco plant transformation. The xynB (precursor form) and the xynBM (mature form) constructs contain the open reading frame of the C. stercorarium xynB gene (accession no. D12504) 17) with and without signal sequence respectively. The xynB (1,217 bp) and the xynBM (988 bp) gene were amplified by polymerase chain reaction (PCR) using primers xynBF (5 0 -aatctagaaaaaaccgtcagtcaa-3 0 , artificial XbaI recognition sequence underlined) and xynBR (5 0 -ttgagctctcaatcggtttattccc-3 0 , artificial SacI recognition sequence underlined), and xynBMF (5'tttctagaATGgcctttaacgatcaaactt3', artificial XbaI recognition sequence underlined, artificial translational start codon in upper case) and xynBR, respectively, using pMF-6 17) as template. PCR was done for 30 cycles according to the following cycle profile: 30 s at 94 C, 30 s at 60 C, and 60 s at 72 C, using KOD-Dash polymerase (Toyobo, Osaka, Japan) (Fig. 1) . The amplified xynB and xynBM genes were subcloned into pUC19, and their sequences were confirmed. The xynB gene comprises Met 1 to Glu 387 , and the xynBM gene comprises Ala
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to Glu 387 , with respect to XynB. To express the xynB and xynBM genes in tobacco BY-2 cells, the genes were placed between the cauliflower mosaic virus (CaMV) 35S promoter and the nopaline synthase (nos) terminator in the pEG1 vector 18) at the XbaI/SacI sites; they were designated pEG1-xynB and pEG1-xynBM respectively. To express the genes in tobacco plants, each was subcloned between the CaMV35S promoter and the nos terminator in binary vector pBI-H1 19) at the XbaI/SacI sites. Plasmid constructs pBI-H1-xynB and pBI-H1-xynBM, carrying both the kanamycin resistance gene and the hygromycin resistance gene (hpt) as selectable markers, were transferred into Agrobacterium tumefaciens LBA4404 by electroporation. Agrobacterium cultures were grown for 10-12 h in LB medium containing 50 mg l À1 of kanamycin and 50 mg l À1 of hygromycin, and were used in the Agrobacterium-mediated transformation of tobacco plants (Nicotiana tabacum SR-1).
Construction of binary vectors for rice transformation. To express the xynB and xyBM genes in rice plants, binary vector pBi-H1 and 2.0 kb of the rice actin act1 promoter (act1pro) were used. Binary vector pBi-H1 was constructed from pGAH. 20) The nos promoterkanamycin resistant gene was removed by cutting with BamHI, filling with klenow enzyme, ligating the HindIII linker, digesting with HindIII, and self-ligating the digested vector. pUC19-act1pro was kindly provided by Professor Ray Wu.
21) The act1pro sequence was excised from pUC19-act1pro with HindIII and XbaI, and ligated into binary vector pBi-H1. The resulting plasmid was designated pBi-H1-act1pro. The xynB-nos terminator cassette was excised from pEG1-xynB with XbaI and EcoRI and cloned into pBluescript KS (+) at the XbaI/EcoRI sites. Then the xynB-nos terminator cassette was cut out of the plasmid with XbaI and ClaI, and placed downstream of act1pro in pBi-H1-act1pro. The resulting Ti binary plasmid was designated pBi-H1-act1pro-xynB. The xynBM-nos terminator cassette was also excised from pEG1-xynBM and placed downstream of act1pro in the same way as the xynB gene. The resulting plasmid was designated pBi-H1-act1pro-xynBM. Both Ti plasmids carrying the hygromycin resistance gene as selectable marker were transformed into A. tumefaciens EHA101 by electroporation. The Agrobacterium culture was grown for 10-12 h in LB medium containing 50 mg l À1 of hygromycin and used in the Agrobacterium-mediated transformation of rice plants.
Transformation of tobacco BY-2 cells, tobacco, and rice plants. The electro-transformation of tobacco BY-2 (N. tabacum L. cv. Bright Yellow)
2) cells in suspension was carried out as described previously.
18)
Tobacco BY-2 cells were converted to suspension cells by culture in 300-ml Erlenmeyer flasks containing 100 ml of LSD medium, 18) containing kanamycin at 100 mg/l. They were subcultured every week with 2% inoculation, as described previously. 19) The Agrobacteriummediated transformation of tobacco (N. tabacum SR-1) and rice plants (Oryza sativa L. subsp. Japonica cv. Notohikari) was carried out as described elsewhere. 7, 22) Preparation of crude enzyme from transgenic cells and plants. The crude enzyme fraction of the pelleted cell fraction was prepared from suspension cultures of BY-2 cells, essentially as described previously. 18) Briefly, 100 mg of harvested BY-2 cells was disrupted by brief treatment with a sonicator in 200 ml of extraction buffer (50 mM phosphate buffer pH 6.8, 10 mM EDTA, 0.1% Triton, 0.1% Sarkosyl, and 1 mM DTT), and the homogenate was centrifuged at 15;000 Â g for 10 min at 4 C. The supernatant was used as a crude enzyme sample. For transgenic tobacco and rice plants, leaves (100 mg) were harvested and ground in 1 ml of ice-cold extraction buffer. The homogenate was centrifuged as described above. The amount of protein was determined using DC protein assay kit II (Bio-Rad Laboratories, La Jolla, CA).
Assay for xylanase activity. The xylanase activity of the BY-2 transformants was evaluated by measuring the diameter of the clear zones that formed around the calli on an oat-spelt xylan containing plate after overnight incubation at 60 C, as described previously.
23)
The xylanase activity of the transgenic tobacco and rice plants was evaluated roughly by measuring the diameter of the clear zones formed around the wells that contained cell-free extracts of transgenic leaves on a xylan-agar plate after overnight incubation at 60 C and Congo red staining.
12) The xylan-agar plate contained 1% birchwood xylan (Sigma, St. Louis, MO) or oat-spelt xylan (Fluka, Buchs, Switzerland) and 1% agar. The xylanase activity of the crude enzyme fraction was quantitated as described previously. 23) One unit of enzyme was defined as the release of 1 mmol of xylose equivalent per min. Structure of the introduced xynB and xynBM genes and construction of the vectors used in the transformation of tobacco BY-2 cells and tobacco and rice plants. CaMV35SP, cauliflower mosaic virus 35S promoter; nosT, nopaline synthase terminator; nosP, nopaline synthase promoter; NPTII, neomycin phosphotransferase; HPT, hygromycin phosphotransferase; act1P, rice actin promoter; RB, right border; LB, left border.
Analysis of transgenic xylanase in BY-2 suspension cells. An aliquot of 25 ml of suspension cells cultivated for 5 d was collected by centrifugation, and the xylanase activity in the culture supernatant and cell fraction was assayed. The packed cell volume was measured after centrifugation of the suspension culture in a SUMILON centrifuge tube (Sumitomo Bakelite, Tokyo). Cell-free extract was prepared by sonication of each cell pellet in 25 ml of extraction buffer as described above. The proteins in 200 ml of cell-free extract were precipitated with trichloroacetic acid and used for SDS-PAGE analysis. Proteins in 200 ml of culture supernatant were concentrated by an Ultrafree MC spin column (Millipore, Bedford, MA) and used for SDS-PAGE. Western blot analysis by anit-XynB antibody was done as described previously. 23) For direct N-terminal amino acid sequencing, the proteins in each fraction were separated by SDS-PAGE, transferred onto an Immobilon P membrane (Millipore, Bedford, MA) by electroblotting, stained by Coomassie Brilliant Blue R250, and subjected to automated amino acid sequencing on an Applied Biosystems model 476A protein sequencer.
Analysis of hydrolytic activiy by transgenic xylanase. Transgenic rice leaves (1 g) were ground in extraction buffer (10 ml) with a mortar and pestle as described above, and the cell-free extract was incubated at 37 or 60 C for 144 h. To prevent the growth of contaminated bacteria, sodium azide was added to the extracts at a final concentration of 1 mM. Hydrolytic activity against the hemicellulose in the cell extracts was assayed based on the production of reducing sugars. Reducing sugars in cell-free extract were quantified with 3,5-dinitrosalicylic acid reagent. 23) Other methods. Genomic DNA from tobacco BY-2 callus and tobacco and rice plants was isolated as described elsewhere. 24) Other recombinant DNA methods were applied as described by Sambrook et al.
25)

Results
Expression of the xynB and xynBM genes in tobacco BY-2 cells BY-2 cells were transformed by electroporation, and transgenic calli were selected for kanamycin resistance. After several rounds of selection on kanamycin-containing plates, cells that showed kanamycin resistance were tested for xylanase activity. The transformation and regeneration rates did not differ between the xynB and the xynBM gene. Among the kanamycin-resistant calli, 30% were surrounded by clear zones on agar plates containing 1% oat-spelt xylan (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site). We analyzed the chromosomal integration of each xylanase gene by PCR; all of these cell lines harbored the xynB or the xynBM gene (data not shown). Among the xylanasepositive cell lines, XYNB1-11, harboring the xynB gene, and XYNBM-1, harboring the xynBM gene, showed the highest activity, and were used to determine the localization of the transgenic xylanase. Transgenic calli grown on an LSD agar plate were converted to suspension cultures, and were subcultured every 7 d. Almost half of the total xylanase activity was detected in the culture supernatant, and the other half remained with the cell fraction for the XYNB1-11 transgenic callus (Fig. 2) . In contrast, more than 95% of the total activity was detected in the cell fraction for the XYNBM-1 transgenic callus. This suggests that the XYNB1-11 transgenic cells secreted transgenic xylanase into the culture medium. Western blot analysis showed that two bands, of 43 and 41 kDa, were present in the culture supernatant of XYNB1-11 (Fig. 3, lane 3) . These two proteins were designated XynB-L (large) and XynB-M (medium) respectively. Their observed molecular weights were almost the same as those estimated from the deduced amino acid sequence of the precursor, XynB (44,377), and the mature form, XynB (40,805). While two XynB bands were detected in the culture supernatant of the XYNB1-11 callus, no bands were visible in the culture supernatant of the XYNBM-1 callus. Two bands, of 41 and 40 kDa, were detected in the cell fraction of the XYNB-11 and XYNBM-1 calli (Fig. 3, lanes 1 and 2) . The upper band had the same molecular weight as XynB-M in the culture supernatant of the XYNB1-11. The smaller band was designated XynB-S (small). Since the protein bands corresponding to XynB-L and XynB-M were observed as major bands in the culture supernatant of XYNB1-11 callus, and XynB-S was observed in the cell extract of XYNBM-1 cells after SDS-PAGE and Coomassie Brilliant Blue staining, we analyzed the N-terminal amino acid sequences of these proteins. We obtained the N-terminal amino acid sequences of XynB-M and XynB-S, but not of XynB-L. Localization of XynB-M in the culture supernatant and its N-terminal amino acid sequence strongly suggested that XynB-M was the mature form, although one lysine had been removed from the bacterial mature form. XynB-S was a truncated form that lacked the seven N-terminal amino acids of XynB-M. The seven N-terminal amino acids of the XynB mature form might have been artificially cleaved by endogenous proteinases. Unfortunately, we could not obtain the N-terminal sequence of XynB-L, because no clear signal for amino acids appeared on protein sequencing. This may have been due to modification of the N-terminal amino acid. Although the N-terminal amino acid sequence of XynB-L could not be determined by direct amino acid sequencing, it might have been secreted from the BY-2 cells without removal of the signal peptide, because it localized in the culture supernatant of suspension culture and its molecular weight agreed with the deduced molecular weight of the nucleotide sequence of the xynB gene.
Analysis of transgenic tobacco plants
The xynB and xynBM genes under the control of the CaMV35S promoter were introduced into tobacco plants by Agrobacterium-mediated transformation. The transformation rates were almost the same for the two genes, as expected from previous studies. 7) Among the hygromycin-resistant transgenic plants, 55% of the transgenic lines for the xynB gene and 73% of the transgenic lines for the xynBM gene showed xylanase activity based on a qualitative xylanase assay using cellfree extracts of leaves from the each cell lines (Supplemental Fig. 1 ). Five independent transgenic lines showing high xylanase activity were selected for further analysis. Quantitative analysis of the xylanase activity of cell extracts of these lines was carried out, and all of the lines showed activity (Fig. 4) . In contrast, nontransgenic leaves showed no xylanase activity. Integration of the xynB or the xynBM gene in the host genome was confirmed by PCR analysis (data not shown). Two representative cell lines, XB54 for the xynB transgenic line and BM29 for the xynBM transgenic line, were selected for further analysis. We detected two bands that corresponded to XynB-M and XynB-S in the cell-free extracts of leaves of these transgenic lines by western blot analysis (Supplemental Fig. 2 ; see Biosci. Biotechnol. Biochem. Web site). The relative amount of transgenic XynB in the cell extracts was estimated by densitometric comparison with purified XynB expressed in E. coli. The amounts of XynB relative to the total protein in XB54 and BM29 were estimated to be 0.10% and 0.08% respectively.
Transgenic tobacco lines XB54 and BM29 were morphologically indistinguishable from the control plants harboring the Ti binary vector without the xylanase gene grown under identical conditions in a greenhouse. The transgenic lines were fertile and produced seeds capable of normal germination (Supplemental Fig. 3 ; see Biosci. Biotechnol. Biochem. Web site). Of the T 2 progeny of the self-pollinated T 1 -XB54 and T 1 -BM29 plants, 75% inherited the xynB and the xynBM gene respectively. The quantitative xylanase activity of cell-free extracts of leaves of five independent transgenic lines was analyzed. All of the lines showed xylanase activity comparable to that of the parental lines.
Analysis of transgenic rice plants
To express the xynB and xynBM genes in rice plants, the rice actin promoter was used, because the actin promoter of monocot plants is known to be strong. The transformation and regeneration rates were as expected from previous studies. 16) Five independent transgenic cell lines of rXB and rBM having xylanase activity were selected by qualitative analysis on a xylan-agar plate, as described above for the screening of transgenic tobacco plants (Supplemental Fig. 4 ; see Biosci. Biotechnol. Biochem. Web site), and were regenerated to transgenic rice plants. Quantitative xylanase assays using cell-free extracts of young leaves of transgenic lines were carried out. All of the lines showed xylanase activity, although the activity of the rXB plants was much lower than that of the rBM plants (Fig. 5) . Integration of the xynB and the xynBM genes was confirmed by PCR analysis using Cell-free extracts were prepared from the leaves of T 1 transgenic rice plants. Assay of xylanase activity was done as described in the legend to Fig. 4. genomic DNA extracted from young transgenic leaves as template (data not shown). Western blot analysis detected two bands that correspond to XynB-M and XynB-S in cell-free extracts of transgenic leaves of both the rXB and rBM plants (Fig. 6) . The rBM transgenic lines were regenerated to normal rice plants that were fertile (Supplemental Fig. 5 ; see Biosci. Biotechnol. Biochem. Web site). In contrast, the rXB transgenic lines regenerated to plants that grew slowly and gradually withered. Among the T 2 progeny of the self-pollinated T 1 rBM plants, T 2 rBM4 lines grew well and many seed grains were obtained. The T 2 rBM4 plants were grown and used in further analysis. The relative amounts of XynB produced in the leaves of three T 2 plants were estimated by densitometric comparison with purified XynB expressed in E. coli as 0.11, 0.10, and 0.17% for rBM4-1, rBM4-2, and rBM4-4 respectively (Supplemental Fig. 6 ; see Biosci. Biotechnol. Biochem. Web site). This result indicates that the xynBM gene was stably inherited from the parental rice plant and stably expressed.
Stability of xylanase activity in transgenic rice plants
In order to test the stability of the xylanase produced in the transgenic rice plants, cell-free extracts of leaves of transgenic rice expressing the xynBM gene were incubated at 37 or 60 C for 144 h. Residual xylanase activity was analyzed after incubation. Almost 80% of the xylanase activity was maintained at both temperatures as tested after 72 h and 40% of the activity remained after 144 h at 37 C (Fig. 7) . This indicates that the XynBM produced in transgenic rice plants is resistant to heat denaturation and proteolysis of endogenous plant proteinases.
Ability of transgenic xylanase to digest rice hemicellulose
We examined the lytic activity of transgenic XynBM toward its own hemicellulosic polymer in cell extracts of transgenic leaves. The level of reducing sugar increased over 144 h of incubation in cell-free extracts of transgenic rice leaves (Fig. 8) . Transgenic XynBM had significant activity against the polymers in the cell-free fraction. The hydrolytic activity at 37 C was higher than at 60 C. In contrast, negligible activity was observed in cell-free extracts from the non-transgenic leaves. When incubated at 80 C, a more rapid increase in reducing sugars was observed, although the transgenic enzyme was inactivated after 8 h of incubation (data not shown).
Discussion
Microbial xylanases have many potential applications in industry in assisting in digesting the complex polysaccharides of plant cell walls. In these applications, optimization of xylanase production has been accomplished mainly using microbial cultures. However, the relatively high cost of enzyme production is still a problem. An alternative way to use microorganisms in enzyme production is via plants, because plants can grow by sunlight, water, and some inorganic components. Our final goal is the economical production of hemicellulosic enzymes in industrially important plants. In this study, tobacco BY-2 cells and tobacco plants were chosen as models to determine whether stable expression of the xynB gene, encoding a bacterial family 10 xylanase, can be achieved in plant cells. The BY-2 cells transformed with the xynB gene secreted XynB into the culture supernatant (Fig. 2) . Direct N-terminal Cell-free extracts of leaves of T 1 transgenic rice plants harboring the xynB (rXB2, rXB5) and the xynBM (rBM1, rBM4) gene were prepared as described in ''Materials and Methods,'' and western blot analysis was done using an anti-XynB antibody, as described previously. 21) Cell-free extracts of transgenic BY-2 lines XYNB1-11 and XYNBM-1 were used to compare the molecular weights of the transgenic xylanases. amino acid sequencing of the secreted XynB showed that the bacterial signal sequence of XynB was functional and was partially processed in BY-2 cells. We have reported the expression of the xynA gene, encoding a family 11 xylanase of C. thermocellum, in tobacco BY-2 cells. 13) The recombinant XynA was not secreted into the culture supernatant, and 94% of the enzyme accumulated in the BY-2 cells. There are few reports of bacterial signal sequences functioning in plant cells. Our results indicate that the signal sequence of XynB is functional in plant cells, since 50% of the recombinant XynB was secreted into the culture supernatant. Although the signal sequence of XynB did not show similarity to plant signal sequences and some of the transgenic XynB was localized inside the cells, our results suggest that this bacterial signal sequence functions partially in plant cells.
The transgenic tobacco plants expressing the xynB gene showed a normal phenotype (Supplemental Fig. 3 ), perhaps because of the low level of xylan in the tobacco cell wall. In contrast, when the xynB gene was expressed in rice plants, a severe slowing of growth was observed and the plants were withered (Supplemental Fig. 5 ). This inhibitory effect on plant growth might have been due to the relatively high level of xylan in the secondary cell walls of the rice. Although we could not confirm that XynB was secreted from rice cells, XynB might be secreted and degrade xylan in the secondary cell wall of the rice plant. The localization of heterologous enzymes in the apoplastic space increases their accumulation because they cannot be attacked by endogenous proteinases. 4, 5) However, there are problems in using plants to produce cellulolytic enzymes in the apoplastic space, because when these enzymes are produced by the host plant cell, they may hydrolyze critical cellulosic materials of the cell wall. As a result, the growth and development of the transgenic plant may be affected. Herbers et al. expressed xylanase XynZ of C. thermocellum and xylanase D of Ruminococcus flavefaciens in tobacco plants, and allowed the enzymes to accumulate in the apoplastic space by fusing the plant secretion signal to the xylanases. 4, 5) They reasoned that dicot plants such as tobacco contain xyloglucans as the major hemicellulose of the primary walls, instead of the xylans found in monocot plants. 2) We have found that XynB produced by transgenic BY2 cells hydrolyzes the cell wall polymers of barley straw. 23) We have succeeded in expressing the bacterial endoglucanase egI gene of Ruminococcus albus by localizing the EgI in the cytosol of tobacco cells. 7) Therefore, to avoid the toxic effects of transgenic XynB, we deleted the region encoding the signal sequence of the xynB gene and expressed the modified gene in rice plants. The xynBM gene was successfully expressed in rice plants, and the transgenic XynBM accumulated to 0.17% of the total protein in the cells. Western blot analysis of cell-free extracts of rice plants expressing the xynBM gene showed that the molecular weights of transgenic XynBM produced in the leaves were the same as those of XynB-M and XynB-S in BY-2 cells (Fig. 6) . The XynBM produced in the transgenic rice was very stable against degradation and heat denaturation, even after disruption of the host cells (Fig. 7) . These results indicate that XynB is suitable for heterologous production in plant cells. Recombinant XynBM increased reducing sugar formed in cell-free extracts of transgenic rice leaves after incubation, suggesting that the enzyme degraded hemicellulosic polymers in the extract (Fig. 8) . This indicates that stable expression of the xynBM gene in rice plants should improve the digestibility of the cell wall fibers, and that transgenic rice capable of accumulating XynBM in non-crop tissue can be used as xylanase-encapsulated biomass for biofuel production. The cell-free extract of rice leaves contained considerable amounts of reducing sugars. A variety of mono and oligosaccahrides might be contained in the cell-free extract. However, the increase in reducing sugar in the cell-free extract of non-transgenic rice plants was very slow. In contrast, a great increase in reducing sugar in the cell-free extract of transgenic rice plants was observed. The transgenic XynBM might hydrolyze xylo-oligosaccharide and xylan in the cell-free extract. Further study leading to efficient expression of cellulolytic enzymes in plants should give new value to crop production, as well as decrease the cost of energy sources.
